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(57) ABSTRACT 

Non-contact bearing system, such as a magnetic levitation 
system, having a geometry. The geometry includes a plu¬ 
rality of track elements arranged to nest together in a length 
direction. The plurality of track elements are shaped to 
define at least an upper and a lower null flux crossing and the 
plurality of nested track elements form a conductive meta¬ 
material. Method for constructing a metamaterial null flux 
magnetic levitation track with tessellating elements of 
stamped conductors. 






Patent Application Publication Sep. 28, 2017 Sheet 1 of 9 


US 2017/0275827 A1 









Patent Application Publication Sep. 28, 2017 Sheet 2 of 9 


US 2017/0275827 A1 





Patent Application Publication Sep. 28, 2017 Sheet 3 of 9 


US 2017/0275827 A1 


































































































H B 




•w* 

£#$■& 




Patent Application Publication Sep. 28, 2017 Sheet 5 of 9 US 2017/0275827 A1 
































Patent Application Publication Sep. 28, 2017 Sheet 6 of 9 


US 2017/0275827 A1 















_ _ 






■ ..wX-, - -.-.■ ->-;-:-:-X-:->y- 


frtfwjc&wo 


v^wjcixfti 










































Patent Application Publication 


Sep. 28,2017 Sheet 7 of 9 


US 2017/0275827 A1 















Patent Application Publication Sep. 28, 2017 Sheet 8 of 9 


US 2017/0275827 A1 


































































US 2017/0275827 A1 


1 


Sep. 28,2017 


METAMATERIAL NULL FLUX MAGNETIC 
BEARING SYSTEM 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application claims the benefit under 35 
U.S.C. §119(e) ofU.S. Provisional Application No. 62/314, 
081 filed Mar. 28, 2016, the disclosure of which is expressly 
incorporated by reference herein in its entirety. 

BACKGROUND OF THE INVENTION 
[0002] 1. Field of the Invention 

[0003] The present disclosure relates to a bearing system 
and method, in particular, in non-contact systems. 

[0004] 2. Discussion of Background Information 

[0005] There are three key metrics for measuring the 
utility of a magnetic bearing system, also called a levitation 
system: lift-to-drag ratio, lift-to-system mass ratio, and 
levitation length. The lift-to-drag ratio measures the vertical 
force created by the system compared to the frictional 
deceleration force parallel to the direction of motion. For the 
lift-to-system mass ratio, the weight of the system is mea¬ 
sured against its ability to create a vertical force. If the 
levitation system comprises the majority of the system’s 
weight, then the levitation system’s utility may be severely 
limited. The levitation length measures what length of 
levitation system is necessary for a nominal system’s mass. 
For example, if the levitation length exceeds the length of 
the vehicle, then the entire system may be impractical. 
[0006] One exemplary use for a magnetic bearing system 
may be in an ultra-high speed, high efficiency transportation 
system that may utilize a low pressure environment in order 
to reduce drag on a vehicle at high operating speeds, thus 
providing the dual benefit of allowing greater speed poten¬ 
tial and lowering the energy costs associated with overcom¬ 
ing drag forces. These systems may use a near vacuum 
within a tubular structure in which the vehicle moves. These 
systems may utilize any number of acceleration systems to 
achieve the desired high speed for the vehicle, including 
electromagnetic propulsion. Due to the scale of the project, 
tremendous forces are required to accelerate the vehicle to 
the operating speed. 

[0007] Due to the unprecedented nature of the sustained, 
ultra-high speed configuration of the system, the vehicle 
needs to utilize a carriage that can withstand the frictional 
demands of the high speed and high use. Conventional 
carriage systems, such as wheels, will not provide the 
durability or efficiency for the transportation system to be 
operable, let alone useful. 

[0008] Many passive levitation systems suffer from poor 
lift-to-drag ratio, poor lift-to-magnet mass ratio, sub-optimal 
stiffness in both transverse directions, poor stability charac¬ 
teristics, and/or low ride height. However, these problems 
are not limited to passive maglev, and have been found to 
affect active maglev systems as well. These problems exist 
because of the limitations of permanent and electro-magnets 
and/or control circuits, the necessity to reduce track capital 
expenses even at the cost of higher operational expenses, 
and limited use of automation in manufacture. Both track- 
and vehicle-side systems to address these issues are often 
expensive, difficult to manufacture, ineffective, or all three. 


SUMMARY OF THE EMBODIMENTS 

[0009] Embodiments of the invention are directed to a 
structure and method for operating a non-contact bearing 
system, e.g., a levitation system. In embodiments, the levi¬ 
tation system can be used in a transportation system, e.g., a 
transportation system as described in commonly-assigned 
application Ser. No. 15/007,783, titled “Transportation Sys¬ 
tem,” the disclosure of which are expressly incorporated by 
reference herein in its entirety. In embodiments, the levita¬ 
tion system can be used in a rotary bearing. 

[0010] In embodiments, the levitation system can be a 
passive magnetic levitation (maglev) system that utilizes a 
magnetic force created as a magnet assembly passes at 
velocity over a track, winch generates lift to provide vertical 
displacement between the magnet assembly and the track. In 
this way, a levitation force is generated on the magnet 
assembly, which is derived from the magnet assembly’s 
motion along the track. The system can include at least one 
stationary track and a plurality of magnetic arrays that are 
connected in such a maimer as to be substantially parallel to 
a length direction of the track. 

[0011] The track can be a metamaterial embodied or 
formed by a stacked, tessellated set of foils or elements of 
a stamped piece forming, e.g., aluminum or copper conduc¬ 
tors. Each stamped conductor can be deformed to produce a 
predefined profile. The conductor can be slotted or solid. 
Alternatively, litz wire braid could also be used. The foils or 
elements of the stamped piece, when viewed in a direction 
that would be orthogonal to a length direction of the track, 
can take a form that reveals a geometry similar to a plurality 
of vertically oriented polygons, such as hexagons or dia¬ 
monds. that are substantially stacked one atop the other, such 
that a bottom point of an upper diamond is connected to an 
upper point of a lower diamond. 

[0012] In exemplary embodiments, at least one set of 
magnet arrays can be positioned adjacent to each diamond 
point, so that the magnet arrays are vertically offset and 
parallel to each other and each magnet array is substantially 
aligned adjacent to a diamond. There may also be a second 
set of magnet arrays, in which each magnet array of the 
second set is arranged substantially horizontally parallel to 
respective magnet arrays of the first set, but on arranged on 
an opposite side of each diamond. Thus, in embodiments, 
the entire track and magnet array configuration can be 
substantially symmetrical in its vertical axis. Moreover, in 
embodiments, a horizontal distance of the magnet arrays to 
the track can be closer than a vertical distance between the 
magnet arrays of a same set. 

[0013] When the magnet array is moving in a direction 
substantially along or parallel to the length of the track, a 
current may be produced within the track. However, in 
accordance with embodiments of the disclosure, the track 
elements possess a null flux geometry such that, while the 
magnet arrays are in a designated neutral position, the 
magnets generate approximately zero electromotive force 
(EMF) and approximately zero current. When the magnet 
array is displaced relative to the neutral position, e.g., such 
as from the force of gravity, the null flux circuit experiences 
a net EMF due to Lenz’s law, and the resulting current 
generates a set of opposing magnetic poles that exerts at 
least lift, drag, and orthogonal force on the magnet array. 
Further, as the overlapping conducting path of the metama¬ 
terial is not left-right mirror symmetric, the system in 
embodiments may utilize a total of three loops of substan- 
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tially, but not necessarily, identical sizes, such that any 
torque or lateral deflection induced by an upper null flux 
crossing, e.g., where the two upper loops meet, is substan¬ 
tially cancelled by the lower null flux crossing, e.g., where 
the two lower loops meet. The neutral position can be timed 
to account for different properties of a supported load, such 
as weight, by adjusting the distance and/or orientation 
and/or configuration of the magnet arrays. 

[0014] Another embodiment of the present disclosure 
comprises a method for assembling a metamaterial track. A 
roll of a metal or a metal alloy, such as aluminum, is first 
selected of specific width and specific thickness. The roll of 
alloy is then put through, e.g., a bending machine or a 
stamping machine, such as a rotary bending machine, con¬ 
figured to deform the alloy into a specific selected geometry, 
such as, e.g., a three-diamond configuration. This can be 
achieved by cutting a slit vertically through a discrete 
portion of the roll such that there is a leg created that is 
attached to the roll at one or both ends of the width. The 
stamping machine will then bend the leg at a plurality of 
points such that the leg appears zig-zagged. In embodiments, 
the bends can be (but are not necessarily) of equal angle. The 
stamping machine will then slit and bend the next leg in a 
similar, but opposite, process such that the two legs super¬ 
imposition seem to form diamonds. The diamond track 
element, formed as a result of the described process, can be 
separated from the roll. A robot or person will then be used 
to place the track elements and complete the assembly 
process. 

[0015] Other embodiments of the present disclosure con¬ 
sider using a plurality of tracks over which the magnet 
assembly travels, such as one on the left side of the magnet 
assembly and one on the right, to increase stability of the 
system. Still other embodiments consider hanging the track, 
such that the magnet assembly would be suspended verti¬ 
cally from the track system. Further embodiments consider 
using the track at an angled orientation in relation to the 
magnet assembly. 

[0016] Embodiments of the invention are directed to a 
non-contact bearing having a geometry that includes a 
plurality of track elements arranged to nest together in a 
length direction. The plurality of track elements are shaped 
to define at least an upper and a lower null flux crossing and 
the plurality of nested track elements form a conductive 
metamaterial. 

[0017] In embodiments, each track element can include a 
first bent leg and a second bent leg. Further, the first and 
second bent legs, when viewed in a direction normal to the 
travel direction, form three adjacent stacked loops. 

[0018] According to embodiments, the metamaterial can 
further include an insulating layer arranged between each of 
the nested track elements. 

[0019] In accordance with further embodiments, the non- 
contact bearing can further include a vehicle arranged to 
travel along the metamaterial, the vehicle including at least 
a pair of magnet arrays arranged parallel to each other on a 
first side of the metamaterial. Further, the magnet arrays can 
extend in the travel direction. Also, as the vehicle travels 
along the metamaterial, the pair of magnet arrays may be 
arranged to travel along the upper and lower null points. In 
embodiments, the metamaterial can be arranged so that the 
vehicle travels over the metamaterial. Alternatively, the 
metamaterial can be arranged so that the vehicle travels 
suspended from the metamaterial. In further embodiments, 


the non-contact bearing can include at least a second pair of 
magnet arrays arranged parallel to each other on a second 
side of the metamaterial, which is opposite the first side, 
wherein the magnet arrays on the first side are arranged 
parallel to the magnet arrays on the second side. In other 
embodiments, the magnet arrays may include a plurality of 
magnetic elements in which a north-south direction for each 
magnetic element is shifted 90° from an adjacent magnetic 
element. In still other embodiments, a movement of the 
magnet arrays over the metamaterial at a predefined velocity 
creates a magnetic force to generate lift that provides ver¬ 
tical displacement between the vehicle and the metamaterial. 
According to still other embodiments, on at least the first 
side of the metamaterial: the magnet assembly along the 
upper null flux crossing comprises a plurality of magnet sets 
in which each magnet set comprises four individual magnets 
of which respective N-poles are pointed in different direc¬ 
tions and the N-poles of each adjacent magnet are 90° offset 
from each other, and the magnet assembly along the lower 
null flux crossing comprises a plurality of magnet sets in 
which each magnet set comprises four individual magnets of 
which respective N-poles are pointed in a direction opposite 
the N-poles of respective magnets of the magnet assembly 
along the upper null flux crossing located vertically above. 
[0020] Embodiments are directed to a method of forming 
the metamaterial of the above-described transport system, 
which includes forming a first leg of one individual track 
element from a conductive material and bending the first leg 
to form a first part of a first individual track element; 
forming a second leg of the one individual track element 
from the conductive material and bending the second leg in 
a complementary manner to that of the first leg to form the 
first individual track element; forming a first leg of another 
individual track element from a conductive material and 
bending the first leg to form a first part of a second individual 
track element; forming a second leg of the other individual 
track element from the conductive material and bending the 
second leg in a complementary maimer to that of the first leg 
to form the second individual track element; and stacking 
the first individual track element and the second individual 
track element together, whereby the respective first legs and 
the respective second legs are arranged nested together. 
[0021] According to embodiments, before the stacking, 
the method may includes inserting an insulator layer 
between the first individual track element and the second 
individual track element. 

[0022] In accordance with other embodiments, before the 
stacking, the method can include forming an insulator layer 
on at least one of the first individual track element and the 
second individual track element. 

[0023] According to still other embodiments, the bent legs 
of the first and second individual track elements fonn 
stacked diamonds. Further, a crossing point between an 
upper diamond and a middle diamond can fonn an upper 
null flux crossing and a crossing point between the middle 
diamond and a lower diamond can form a lower null flux 
crossing. 

[0024] Embodiments are directed to a method for con- 
stmcting a metamaterial null flux magnetic levitation track. 
The method includes arranging tessellating elements formed 
from stamped conductors. 

[0025] In accordance with still yet other embodiments of 
the present invention, the elements may include conductive 
loops having first and second legs that are bent, between an 
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upper end and a lower end of the conductive loop, to form 
an upper null flux crossing and a lower null flux crossing. 
[0026] Other exemplary embodiments and advantages of 
the present invention may be ascertained by reviewing the 
present disclosure and the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0027] The present invention is further described in the 
detailed description which follows, in reference to the noted 
plurality of drawings by way of non-limiting examples of 
exemplary embodiments of the present invention, in which 
like reference numerals represent similar parts throughout 
the several views of the drawings, and wherein: 

[0028] FIG. 1 illustrates a track for a transport system in 
accordance with embodiments; 

[0029] FIG. 2 illustrates a side view of an individual track 
foil or element; 

[0030] FIG. 3 illustrates a front view of the individual 
track element as depicted in FIG. 2; 

[0031] FIG. 4 illustrates the nesting of two individual 
track element as depicted in FIG. 2; 

[0032] FIG. 5 illustrates the nesting of a number of indi¬ 
vidual track element forming a metamaterial and a portion of 
a track; 

[0033] FIG. 6 illustrates a bottom view of the portion of 
the track depicted in FIG. 5; 

[0034] FIG. 7 illustrates multiple tracks mounted for a 
vehicle to be conveyed over the tracks; 

[0035] FIG. 8 illustrates multiple tracks mounted for a 
vehicle to be conveyed while suspended from the tracks; and 
[0036] FIG. 9 illustrates a simplified diagram demonstrat¬ 
ing with a single track element how embodiments of the 
invention improve lift/drag characteristics. 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

[0037] The particulars shown herein are by way of 
example and for purposes of illustrative discussion of the 
embodiments of the present invention only and are presented 
in the cause of providing what is believed to be the most 
useful and readily understood description of the principles 
and conceptual aspects of the present invention. In this 
regard, no attempt is made to show structural details of the 
present invention in more detail than is necessary for the 
fundamental understanding of the present invention, the 
description taken with the drawings making apparent to 
those skilled in the art how the several forms of the present 
invention may be embodied in practice. 

[0038] FIG. 1 (upper illustration) illustrates an embodi¬ 
ment of a track for a magnetic bearing system, e.g., a 
magnetic levitation (maglev) system, and in particular, a 
passive maglev system. The maglev system uses a magnetic 
force created as a magnet assembly 2 is conveyed along 
track 1 at a velocity sufficient to generate lift to provide 
vertical displacement between magnet assembly 2 and the 
track 1. In this way, a levitation force is generated on magnet 
assembly 2, which is derived from the magnet assembly’s 
motion along track 1. As illustrated, the system can include 
a plurality of magnetic arrays 2-5 connected in such a 
manner as to be substantially parallel to a length direction L 
of track 1. However, it is also understood that the system can 
operate with any combination of magnetic assemblies 
arranged on either side of track 1. 


[0039] The N-pole direction for each individual magnet of 
magnet assemblies 2 and 3 are shown in FIG. 1. While the 
illustrated embodiment of the parallel magnet assemblies 2, 

3 (upper illustration) are arranged as, e.g. a parallel Halbach 
array, it is understood that any magnet geometry can be 
utilized for the magnet assemblies without departing from 
the spirit and scope of the embodiments of the invention. 
Further, for ease of explanation of the illustrated embodi¬ 
ment, the lower illustration of FIG. 1 shows an expanded 
view of the track elements to reveal the orientation of the 
N-poles of the magnets in the parallel arrays 2, 3 and 4, 5 
arranged on both lateral sides of the track. With respect to 
magnet assembly 2, viewed from left to right, a first mag¬ 
net’s N-pole points away from track 1, a second magnet’s N 
pole, which is 90° offset from that of the first magnet, points 
opposite length direction L, a third magnet’s N-pole, winch 
is 90° offset from that of the second magnet, points toward 
track 1 and a fourth magnet’s N-pole, which is 90° offset 
from that of the third magnet, points in length direction L. 
The orientation of N-poles in the succeeding magnets of 
magnet assembly 2 repeats that of the first four magnets. The 
N-poles of the magnets of magnet assembly 3 are opposite 
those of magnet assembly 2. In this regard, in magnet 
assembly 3, viewed from left to right, a first magnet’s N-pole 
points toward track 1 (i.e., opposite the magnet of magnet 
assembly 2 arranged above it), a second magnet’s N pole, 
which is 90° offset from that of the first magnet, points in 
length direction L (i.e., opposite the magnet of magnet 
assembly 2 arranged above it), a third magnet’s N-pole, 
which is 90° offset from that of the second magnet, points 
away from track 1 (i.e., opposite the magnet of magnet 
assembly 2 arranged above it) and a fourth magnet’s N-pole, 
which is 90° offset from that of the third magnet, points 
opposite length direction L (i.e., opposite the magnet of 
magnet assembly 2 arranged above it). Thus, the N-poles in 
respective magnets of the parallel arrays of magnet assem¬ 
blies 2 and 3 arranged one above the other are oriented in 
opposite directions. Again, as noted above, it is understood 
that any magnet geometry can be utilized for the parallel 
magnet assemblies, orientations of the N-poles of the 
respective magnets of the parallel magnet assemblies dif¬ 
ferent from those illustrated in the figures can be utilized 
without departing from the spirit and scope of the embodi¬ 
ments of the invention. 

[0040] On an opposite lateral side of track 1, magnet 
assemblies 4 and 5 can be arranged, e.g., as parallel arrays. 
Further, when utilized with magnet assemblies 2 and 3, the 
N-poles of the first and third magnets of magnet assemblies 

4 and 5 can be oriented in the same direction as the 
respective N-poles of the first and third magnets of magnet 
assemblies 2 and 3, while the N-poles of the second and 
fourth magnets of magnet assemblies 4 and 5 can be oriented 
in the opposite direction as the respective N-poles of the 
second and fourth magnets of magnet assemblies 2 and 3. 
Thus, as shown in FIG. 1, it is preferred that the N-poles in 
the magnet assemblies of the parallel arrays 2, 4 and/or 3, 5 
on opposite lateral sides of track 1 rotate in opposite 
directions. Again, as the parallel magnet assemblies can use 
any magnet geometry, orientations of the N-poles of the 
magnets in magnet arrays 2, 4 and/or 3, 5 can be different 
from those illustrated in the figures without departing from 
the spirit and scope of the embodiments of the invention. 

[0041] As shown in FIG. 1 (upper illustration), track 1 can 
be embodied or formed by a stacked, tessellated set of 



US 2017/0275827 A1 


4 


Sep. 28,2017 


shaped conductors 6^6,,. Moreover, the lower illustration in 
FIG. 1, for ease of explanation and understanding, does not 
show each of the stacked shaped conductors, but only shows 
a few of the shaped conductors to clearly show the orien¬ 
tation of the stacked and overlapping shaped conductors in 
the formation of the track. Conductors 6 1 -6 rl can be formed 
of a suitable conductive material, e.g., aluminum, copper or 
other suitable alloys, which is stamped, bent or otherwise 
deformed to produce individual track foils or elements 6, as 
shown in FIGS. 2 and 3, which when stacked or tessellated, 
form a conductive metamaterial, as shown in FIG. 1. Track 
elements 6 can be slotted or solid. Alternatively, litz wire 
braid could also be used for conductor 6. In a further 
alternative, the heterogeneous non-isotropic conductive 
nature of the track could be achieved with segments of a 
“naturally” isotropic material such as graphite. Track ele¬ 
ment 6, when viewed in a direction that would be orthogonal 
to the length direction L of the track, is shown in FIG. 2. As 
shown, track element 6 can take a form that reveals a 
geometry similar to a plurality of vertically oriented loops or 
polygons 6a-6c, e.g., hexagons or diamonds, that are essen¬ 
tially stacked one atop the other, such that, in the exemplary 
embodiment, a bottom point of a top diamond 6 a is con¬ 
nected to an upper point of a middle diamond 6b at crossing 
(or diamond) point 7 (which forms an upper null point) and 
an upper point of a bottom diamond 6c is connected to a 
bottom point of middle diamond 6b at crossing point 8 
(which forms a lower null point). Track element 6, when 
viewed in a direction that would be from an end of track 1, 
is shown in FIG. 3. In the exemplary embodiment, which is 
provided merely for ease of explanation and understanding, 
track element 6 can be formed with three (3) equal cells 
constructed of bent sheets of 0.5 nun thickness aluminum at 
45 degrees to the vertical, with short conductive strips 
completing the circuit at a top and bottom of the individual 
track element 6. Further, while track heights ranging from 6" 
to 40" tall have been considered preferable, it is understood 
that track 1 can be any desired height without departing from 
the spirit and scope of the embodiments of the invention. 

[0042] Referring again to FIG. 1, at least one set of magnet 
arrays 2, 3 can be positioned one lateral side of track 1, so 
that magnet arrays 2, 3 are vertically offset and parallel to 
each other and each magnet array is substantially aligned in 
length direction L adjacent to crossing points 7 and 8. 
Moreover, as shown in the exemplary embodiment of FIG. 
1, a second set of magnet arrays 4, 5 can also be utilized, in 
which each magnet array 4, 5 of the second set is arranged 
substantially horizontally parallel to respective magnet 
arrays 2, 3 of the first set, but positioned on the lateral side 
of track 1 opposite the first set. Thus, in the illustrated 
embodiment, track 1 and the configuration of magnet arrays 
2-5 can be substantially anti-symmetrical with respect to a 
vertical plane through track 1 along length direction L. 
Moreover, as shown in the illustrated embodiment, a hori¬ 
zontal distance of the magnet arrays 2-5 to track 1 can be 
closer than a vertical distance between the magnet arrays 2, 
3 or 4, 5 of a same set. While the illustrated embodiment 
depicts two sets of magnetic arrays 2-5 arranged on opposite 
lateral sides of track 1, it is understood that a single set of 
magnetic arrays 2, 3 or 4, 5 can be positioned on a single 
lateral side of track 1 without departing from the invention. 
While the positioning of the magnet array in relation to each 
other and to the lateral side of track 1 is adjustable, it may 
be advantageous to space the magnet assemblies as close as 


possible to the lateral side of track 1 as positional tolerances 
allow and space the magnet assemblies of a same set a 
distance equal to the distance between the null crossing 
points. 

[0043] When magnet arrays 2, 3 and/or 4, 5 are moving in 
length direction L, i.e., substantially along or parallel to the 
length of track 1, current may be produced within track 1. 
However, according to the above-discussed geometry/con¬ 
figuration of track elements 6, track elements 6 and the 
formed metamaterial of track 1 possess a null flux geometry 
so that, while magnet arrays 2, 3 and/or 4, 5 are in a 
designated neutral position, the magnets generate approxi¬ 
mately zero electromotive force (EMF) and approximately 
zero current. When magnet arrays 2, 3 and/or 4, 5 are 
displaced relative to the neutral position, e.g., via the force 
of gravity, the null flux circuit experiences a net EMF due to 
Lenz’s law, and the resulting current generates a set of 
opposing magnetic poles that exerts at least lift, drag, and 
orthogonal force on magnet arrays 2, 3 and/or 4, 5. More¬ 
over, in the exemplary embodiment, the system can utilize 
track elements 6 shaped to form three generally stacked 
loops 6a-6c of substantially, but not necessarily, identical 
sizes, such that any torque or lateral deflection induced by an 
upper null flux crossing 7, e.g., where the two upper loops 
6a, 6b meet, is substantially cancelled by the lower null flux 
crossing 8, e.g., where the two lower loops 6b, 6c meet. It 
is understood that this neutral position can be tuned to 
account for different properties of the vehicle, such as 
weight, by adjusting, e.g., the distance and/or orientation of 
magnet arrays 2. 3 and/or 4. 5. 

(0044] The “neutral position” is the position where the net 
flux through the track’s closed conducting loops is zero. This 
corresponds to each array 2, 3 and/or 4. 5 being aligned with 
its corresponding null flux crossing 7. 8. At the neutral 
position, the lack of flux results in no bulk currents being 
induced in track 1, and thus no reactive forces are experi¬ 
enced by the magnets of arrays 2, 3 and/or 4. 5. It is 
understood that some freedom in magnet positioning is 
permitted while retaining zero net flux. For example, magnet 
arrays 2, 3 and/or 4. 5, which can be fixed to individual 
supporting frames (not shown), can be moved in any direc¬ 
tion relative to each other, or rotated relative to each other. 
The supporting frames are adjustable to position the magnet 
arrays 2, 3 and/or 4. 5 in their respective neutral positions 
where the net flux is zero. Such tuning may, for instance, 
result in a different force response (stiffness) when the 
supporting frame containing the magnets is moved from the 
neutral position. More specifically, displacing the left and 
right magnet arrays in the direction of travel can result in a 
net sideways force. Rotating the magnets slightly around the 
long axis breaks the symmetry of the neutral position, 
resulting in a different magnitude force resulting from 
displacement up or down by an equivalent distance. These 
hilling design options enhance versatility for different kinds 
of loads that may need different force characteristics. 
[0045] In FIG. 4, track element 6 and a second track 
element 6', which are formed with identical shapes, can be 
nested together or stacked in length direction L to begin 
forming the tessellated metamaterial of track 1. FIG. 5 
shows a number of individual track elements 6 nested 
together to form a portion of the metamaterial of track 1. In 
embodiments, track 1 can be formed from a very large 
number nested individual track elements 6 to produce track 
1 with, e.g., 1300 elements per meter. Further, FIG. 6 shows 



US 2017/0275827 A1 


5 


Sep. 28,2017 


a bottom view of at least a portion of track 1, which shows 
ends of a number of nested individual track elements 6 and 
of the formed metamaterial. Further, the nested individual 
track elements 6 can be fixedly joined via, e.g., glue, plastic 
or other suitable binder material. Moreover, an insulating 
layer is provided between each of the nested individual track 
elements 6. It is also understood that this insulating layer can 
be formed on the individual track elements 6 before nesting, 
e.g., aluminum oxide can be formed on the surface of an 
aluminum track element 6. 

[0046] Track 1, which includes a metamaterial formed by 
nested individual track elements 6 separated by intermediate 
insulators, experience substantial inductive coupling to their 
adjacent elements, which has the effect of lowering the 
speed at which the impedance of the track shifts from 
primarily resistive to primarily inductive (the transition 
velocity) and increasing its asymptotic performance. All 
passive maglev systems rely on reactive RL (resistive- 
inductive) circuits to create a ‘mirror’ magnetic field which 
repels the vehicle’s magnets. The extent to which the mirror 
works properly is determined by the circuits’ inductance and 
resistance, which in turn depend on their geometry and 
construction. As a general rule, the inductive part of the 
circuit is responsible for lift while the resistive part is 
responsible for drag. As the speed increases, the inductive 
impedance, proportional to (speed-inductance), becomes 
dominant and the system performance increases. The lowest 
speed at which the track generates more lift than drag is 
called the “transition velocity.” As speed increases, the track 
resistance increases due to skin effect and inductive shield¬ 
ing, until system performance peaks, representing the 
asymptotic performance limit of a passive maglev system. 
[0047] While asymptotic impedance drag from a non¬ 
superconducting track is limited, physically, by the effect of 
the induced magnetic fields on the conductor’s charge car¬ 
riers, the above-described clever positioning of magnets can 
further improve performance by partially cancelling sources 
of drag. Because each magnetic pole experiences upward 
force from both induced poles and partial cancellation of 
drag forces, embodiments of the invention have much better 
lift-to-drag ratio characteristics than other passive maglev 
schemes. 

[0048] Embodiments of the invention are directed to a 
method for forming a metamaterial by adjusting geometries 
of metal alloys in order to create a micro structured com¬ 
posite material with non-isotropic and/or non-homogenous 
macroscopic conductivity properties for a null flux system. 
An alloy, e.g., containing aluminum, copper, graphite or 
other suitable conductor, is first selected that balances sys¬ 
tem-specific factors, such as cost, value, and/or magnetic 
properties. The shape of the metal alloy is then configured to 
have a null flux geometry with specific properties in 
response to magnetic fields, such as, but not limited to, the 
shape of the magnetic field when current goes through a 
loop, the lift-to-drag ratio, lift-to-system mass ratio, and/or 
levitation length. A null flux geometry is created by the 
shearing of planar sheets of the alloy into an at least 
minimally twisted topology with minimal material strain. 
The design can use either or both chiralities, multiple 
transverse laminations, slots or layers to address eddy cur¬ 
rents and/or magnetic field torsion. It can use one or more 
open loops of various sizes, two or more transverse sections 
to complete the current path, internal structures or reinforc¬ 
ing, and variable transverse cross sections for altered per¬ 


formance characteristics, ease of manufacturing, tracking, 
steering, guidance, stability, stiffness, or economy of pro¬ 
duction. The design can be interweaved with sections of 
active track or heterogeneously structured track for braking, 
propulsion, roll, pitch, yaw, and/or translation in either 
transverse direction. 

[0049] Another embodiment of the present invention is 
directed to a method for assembling a track 1 from a number 
of track elements 6, which can be stacked together to form 
a metamaterial. To produce individual track elements 6, a 
roll of a conductor metal or metal alloy, such as aluminum, 
copper, graphite or other suitable conductor material, is first 
selected with a specific width of, e.g., 12", for example, and 
a specific thickness, e.g., 0.5 mm. The conductor roll is 
guided through machine, e.g., a bending machine or a 
stamping machine, such as a rotary bending machine, con¬ 
figured to deform the conductor material into a specific 
selected geometry, such as, e.g., the three-diamond configu¬ 
ration illustrated in FIG. 2. This configuration can be 
achieved by cutting a slit vertically through a discrete 
portion of the roll, which will create a first leg attached to the 
roll at one or both ends of the width having a length of, e.g., 
0.25". The machine will then bend the first leg to less than 
180 degrees at a plurality of points such that the first leg is 
provided with a zig-zagged shape. While the bend can be of 
equal angle, it is understood that the angles can be of 
unequal angles without depart from the spirit and scope of 
the invention. The machine will next slit and bend a second 
leg in a similar, albeit opposite, process, whereby the two 
legs in superimposition generally form open loop shapes, 
such as, e.g.. diamonds. The completed track element 6 thus 
formed can be separated from the roll and the process can be 
repeated for forming additional track elements 6. A robot or 
person can then be used to place or nest individual track 
elements 6 to form the metamaterial of track 1. 

[0050] In embodiments, a load connected to the magnet 
assemblies, such as a vehicle, can be conveyed along a 
plurality of tracks 1. For example, as shown in FIG. 7, two 
tracks 1 can be mounted to the ground or other suitable 
location so that the vehicle 9 travels over tracks 1. As shown 
in FIG. 7, vehicle 9 includes a U-shaped channel in which 
magnet assemblies are mounted, e.g.. in a support frame (not 
shown), on both lateral sides of the tracks 1 to be aligned 
with the respective null flux crossings of tracks 1. Further, 
the vehicle can also include an additional U-shaped channel 
with magnet assemblies to be guided over a guidance track, 
which can be oriented normal to track 1, in order to increase 
stability of the system. Further, the guidance track can be 
constructed in a similar manner to track 1. In alternative 
embodiments, two tracks 1 can be mounted to a ceiling or 
other suitable location so that the vehicle 9 travels sus¬ 
pended from tracks 1, as shown in FIG. 8. In this alternative 
embodiment, vehicle 9 includes a U-shaped chamiel in 
which magnet assemblies are mounted, e.g., in a support 
frame (not shown), on both lateral sides of the tracks 1 to be 
aligned with the respective null flux crossings of tracks 1. 
Further, the vehicle 9 can again also include an additional 
U-shaped chamiel with magnet assemblies to be guided over 
a guidance track, which can be oriented normal to track 1, 
in order to increase stability of the system. Again, the 
guidance track can be constructed in a similar maimer to 
track 1. It is further noted that track 1 or tracks 1 can 
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alternatively be arranged at an angled orientation in relation 
to the vehicle without departing from the spirit and scope of 
the invention. 

[0051] FIG. 9 is a simplified diagram demonstrating how 
a single track element (within a larger assembly) gives rise 
to improved lift/drag characteristics. The model includes a 
single pair of magnets (within a larger assembly) and a 
single “figure 8” loop of conductor. Relative motion of the 
magnets in the direction L induces currents when the mag¬ 
nets are displaced relative to the crossing (“null flux”) point. 
These currents oppose the applied flux in accordance with 
Lenz’s law. The center of current generation is displaced 
slightly forward of the center of magnetic field (shown in the 
side view) leading to drag. The effect of the induced currents 
and their magnetic fields is to exert forces on the magnets, 
shown in components and in sum. The geometry of the null 
flux configuration acts to partially cancel drag forces and to 
add lift forces, improving the lift/drag ratio compared to any 
system that does not utilize this phenomenon. 

[0052] It is noted that the foregoing examples have been 
provided merely for the purpose of explanation and are in no 
way to be construed as limiting of the present invention. 
While the present invention has been described with refer¬ 
ence to an exemplary embodiment, it is understood that the 
words which have been used herein are words of description 
and illustration, rather than words of limitation. Changes 
may be made, within the purview of the appended claims, as 
presently stated and as amended, without departing from the 
scope and spirit of the present invention in its aspects. 
Although the present invention has been described herein 
with reference to particular means, materials and embodi¬ 
ments, the present invention is not intended to be limited to 
the particulars disclosed herein; rather, the present invention 
extends to all functionally equivalent structures, methods 
and uses, such as are within the scope of the appended 
claims. 

What is claimed is: 

1. A non-contact bearing having a geometry comprising: 

a plurality of track elements arranged to nest together in 

a length direction, 

wherein the plurality of track elements are shaped to 
define at least an upper and a lower null flux crossing 
and the plurality of nested track elements form a 
conductive metamaterial. 

2. The non-contact bearing according to claim 1, wherein 
each track element includes a first bent leg and a second bent 
leg. 

3. The non-contact bearing according to claim 2, wherein 
the first and second bent legs, when viewed in a direction 
nonnal to the travel direction, form three adjacent stacked 
loops. 

4. The non-contact bearing according to claim 1, further 
comprising an insulating layer arranged between each of the 
nested track elements. 

5. The non-contact bearing according to claim 1, further 
comprising a vehicle arranged to travel along the metama¬ 
terial, the vehicle including at least a pair of magnet arrays 
arranged parallel to each other on a first side of the meta¬ 
material. 

6. The non-contact bearing according to claim 5, wherein 
the magnet arrays extend in the travel direction. 


7. The non-contact bearing according to claim 5, wherein, 
as the vehicle travels along the metamaterial, the pair of 
magnet arrays are arranged to travel along the upper and 
lower null points. 

8. The non-contact bearing according to claim 5, wherein 
the metamaterial is arranged so that the vehicle travels over 
the metamaterial. 

9. The non-contact bearing according to claim 5, wherein 
the metamaterial is arranged so that the vehicle travels 
suspended from the metamaterial. 

10. The non-contact bearing according to claim 5, further 
comprising at least a second pair of magnet arrays arranged 
parallel to each other on a second side of the metamaterial, 
which is opposite the first side, wherein the magnet arrays on 
the first side are arranged parallel to the magnet arrays on the 
second side. 

11. The non-contact bearing according to claim 5, wherein 
the magnet arrays include a plurality of magnetic elements 
in which a north-south direction for each magnetic element 
is shifted 90° from an adjacent magnetic element. 

12. The non-contact bearing according to claim 5, 
wherein a movement of the magnet arrays over the meta¬ 
material at a predefined velocity creates a magnetic force to 
generate lift that provides vertical displacement between the 
vehicle and the track. 

13. The non-contact bearing according to claim 5, 
wherein, on at least the first side of the metamaterial: 

the magnet assembly along the upper null flux crossing 
comprises a plurality of magnet sets in which each 
magnet set comprises four individual magnets of which 
respective N-poles are pointed in different directions 
and the N-poles of each adjacent magnet are 90° offset 
from each other, and 

the magnet assembly along the lower null flux crossing 
comprises a plurality of magnet sets in which each 
magnet set comprises four individual magnets of which 
respective N-poles are pointed in a direction opposite 
the N-poles of respective magnets of the magnet assem¬ 
bly along the upper null flux crossing located vertically 
above. 

14. A method of forming the metamaterial of the transport 
system according to claim 1, comprising: 

forming a first leg of one individual track element from a 
conductive material and bending the first leg to fomi a 
first part of a first individual track element; 

forming a second leg of the one individual track element 
from the conductive material and bending the second 
leg in a complementary manner to that of the first leg 
to form the first individual track element; 

forming a first leg of another individual track element 
from a conductive material and bending the first leg to 
forma first part of a second individual track element; 

forming a second leg of the other individual track element 
from the conductive material and bending the second 
leg in a complementary manner to that of the first leg 
to form the second individual track element; and 

stacking the first individual track element and the second 
individual track element together, whereby the respec¬ 
tive first legs and the respective second legs are 
arranged nested together. 

15. The method according to claim 14, wherein, before 
the stacking, inserting an insulator layer between the first 
individual track element and the second individual track 
element. 
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16. The method according to claim 14, wherein, before 
the stacking, forming an insulator layer on at least one of the 
first individual track element and the second individual track 
element. 

17. The method according to claim 14, wherein the bent 
legs of the first and second individual track elements form 
stacked diamonds. 

18. The method according to claim 17, wherein a crossing 
point between an upper diamond and a middle diamond 
forms an upper null flux crossing and a crossing point 
between the middle diamond and a lower diamond forms a 
lower null flux crossing. 

19. A method for constructing a metamaterial null flux 
magnetic levitation track, comprising: 

arranging tessellating elements formed from stamped 
conductors. 

20. The method according to claim 19, wherein the 
elements comprise conductive loops having first and second 
legs that are bent, between an upper end and a lower end of 
the conductive loop, to form an upper null flux crossing and 
a lower null flux crossing. 



